Introduction
The overall scope of activities where the Air Force Institute of Technology (ITWL) is involved includes studies on variation of operational resources available for avionic equipment during its entire lifetime. The key component of these activities is troubleshooting that is understood as a structured set of methods and means developed to assess the technical condition of the equipment [1] . ITWL runs extensive studies on troubleshooting procedures developed to check whether the avionic hydraulic systems are in sound technical condition. Any deficiencies of aircraft (AC) hydraulic systems present direct hazard to safety of flights and the share of defects affecting on-board hydraulic systems in the total number of faults that may happen to various units and subassemblies of aircrafts operated by Polish Air Forces is quite significant. For instance, for the time span from 1973 to 1996 that share was as high as 30%. It was spotted that only 7% of deficiencies were detected in-flight and all remaining defects were found during ground maintenance operations [3] but, however, the detected faults were preceded with symptoms, i.e. functional failures. When the diagnostic signal exceeds a specific threshold specified by the Technical Manual (WT), the affected system or circuit must be refined to restore its sound operating condition by repair or substitution of a hydraulic subassembly of the unit. However, insignificant exceeding of the diagnostic signal threshold (as compared to the Technical Manual) is not considered a reason for immediate functional inoperability and, what is more, it never should be, since all parameters have some safety margin. Diagnostic signals include output parameters of working processes, such as waveforms of pressure values in hydraulic systems, internal leaks, tripping or hold time, duration of output signals, minimum threshold of triggering pressure. Troubleshooting operations consist in a series of checks according to the workflow developed by experts from ITWL with the aim to verify whether on-board avionic hydraulic systems are in sound operating conditions. These checks are intended to accurately determine the core source of deficiency, if any. For instance, typical tests include tests of internal leaks to be carried out for a specific system, e.g. the system for lowering of the undercarriage. In this case, the overall flow intensity of leaks is just a sum of all internal leaks from the three-positional solenoid control valve, cylinders of the main undercarriage leg and their locks as well as locking cylinders for struts of a retractable (foldable) undercarriage. When that overall accumulated value of the diagnostic signal exceeds the lowest threshold permitted by The Technical Manual, it is necessary to carry out separate troubleshooting tests for all subassemblies of the defective system or circuits that may need partial disassembling.
Algorithm for troubleshooting of avionic hydraulic systems
Efforts of experts from ITWL and expertise acquired during past studies made it possible to draw up a reasonable algorithm for troubleshooting of avionic hydraulic systems. The flow chart for that algorithm is shown in Fig.1 . Upon completion of the start-up procedures for hydraulic systems, when the working fluid reaches the limit that is necessary for testing, one can commence troubleshooting actions. Diagnostic parameters for the entire system are split into the ones that refer to working processes and the ones for auxiliary (associated) processes. Diagnostic parameters that refer to working processes include the ones that are directly associated with execution of major operations of the system, like pressure or duration of working movements carried out by system actuators. The second group of diagnostic parameters defining auxiliary processes, which arise as secondary effects of the working processes, includes: time of pressure drop within specific limits, intensity of internal leaks [1] . The first step of the troubleshooting algorithm assumes recording of waveforms for pressure variations in both hydraulic systems while they are being supplied from the avionic power pack (LZH/M). The test assumes execution of movements by relevant actuators according to a precisely defined test schedule [16÷18] and taking measurements for duration of the following working movements:
 duration of wing repositioning: tp,  duration of undercarriage lowering (retraction), activation /deactivation of decelerons and flaps: tw(ch). In addition, the troubleshooting procedure includes verification of parameters for auxiliary (associated) processes, duration of pressure drop (run-off time) in the first and second hydraulic systems after the hydraulic pumps of the avionic power pack are switched off:  duration of the pressured drop from 18 to 15 MPa in the first (or second) hydraulic system: t1 (2) . The next step assumes evaluation of these parameters in terms of their conformity to the boundary limits stipulated in the Technical Manual (WT). Should the actual values of all parameters fall within prescribed limits, the troubleshooting procedures can be carried on to the next step, i.e. tests of hydraulic systems supplied from on-board pumps when the aircraft engine is running. Should any parameter deviate from the rated value specified in the Technical Manual (WT) the maintenance personnel shall carry out the test that consists in determination of leak rates for the specific circuit within the Avionic Hydraulic System (LIH).
Fig. 1 Troubleshooting algorithm for avionic hydraulic systems
Recording waveforms for the p1(2)=f(tp) variations of hydraulic fluid pressure in hydraulic systems supplied from the Avionic Power Pack (LZH) (according to the adopted test schedule).
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Recording waveforms for the p1(2)=f(tp) variations of hydraulic fluid pressure in hydraulic systems supplied from on-board pumps (according to the adopted test schedule).
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The values for rates of internal leaks qws measured for each circuit of the Avionic Hydraulic System should be then compared to the thresholds stipulated in the Technical Manual. When the total sum of internal leaks qws for the circuit under test exceeds the lowest permissible limit for a single component qw (as stipulated in the Technical Manual), the personnel should partially disassemble the system and carry out further checks. Should the internal leaks rate qw for a single component is beyond the limits specified in the Technical Manual, such a component should be replaced or handed over for refurbishment and then reinstalled on the plane. The last and the most important step within troubleshooting procedures for the Avionic Hydraulic System is the test when the system is supplied from on-board pumps. Such a test provides information about operation parameters of the complete hydraulic system under real field conditions. The test assumes measurements and evaluation of operation pressure values p 1 (2) for on-board hydraulic pumps. In addition, checks and validations are performed for the same parameters related to duration of working motions and duration of pressure drops (run-off time), similar to tests with supply from the Avionic Power Pack (LZH). Upon completion of a series of tests according to the foregoing workflow, the maintenance personnel is able to detect functional faults in the Avionic Hydraulic System and possible defects are remedied as early as during the troubleshooting process by replacement or refurbishment of components.
Concept of a diagnostic device designed to test internal leaks
To save time and eliminate wastes of hydraulic working fluid (with benefit to cost-efficiency and natural environment), during tests of internal leaks from hydraulic systems, units and components, the ITWL team designed an innovative diagnostic device. The device is dedicated to general applications and can be used to troubleshoot hydraulic systems of various aircrafts. The tests consist in measurements of leak rates at limit positions of various actuators (1) and comprise hydraulic cylinders, hydraulic amplifiers and electrohydraulic distributors at their working positions. The device for measurement of leaks is shown in Fig.2 and comprises the following components: hydraulic pump (2), control panel (3), measuring cylinder (4), solenoid valves (5a, 5b), optical sensor (6), flow meter (7), technological filter (8) and check valve (9) . To carry out tests, one has to disconnect the drain line of the circuit (or component) under test and connect to the measuring device whilst the supply line of the device should be connected to the other (intake) line of the circuit under test. When measurements are in progress, the valve (5a) connected to the measuring cylinder (4) remains open. Fluid flows to the measuring cylinder (4) and fills it due to internal leaks. The optical sensor (6) triggers the timer. Upon expiring of the prescribed time interval (according to the test methodical procedure, Technical Manual, bulletin or other documents that may set out conditions for tests), the controller embedded into the control panel (3) shuts off the valve (5a) and opens the valve (5b). After completion of a preliminary measurement (read-out of the fluid volume on the measuring cylinder), the actual (accurate) measurement is carried out with the use of a flow meter (7).
Fig. 2 Diagram of the device for measurements of internal leak rates from on-board hydraulic systems and components: 1 -component (circuit) under test, 2 -hydraulic power pack (pump with electric motor), 3 -control panel of the device, 4 -measuring cylinder, 5a(b) -solenoid valves, optic sensor with a switch to shut down the power pack, 7 -flow meter, 8 -technological filter, 9 -check valve.
For that, the electric motor of the pump is switched on by means of a pushbutton provided on the control panel (3) of the device and the full amount of working fluid is transferred from the measuring cylinder (4) back to the drainage section of the on-board system of the aircraft and flows through the flow meter (7) and the technological filter (8) (operation of the system leads to wear of its components, in particular the pump). It is why the technological filter (8) is provided to protect the fluid from contaminations by wear products of the device components. The pump drive is shut down automatically upon a signal from the optical sensor (6) when the measuring cylinder (4) is completely empty. The measuring cycle is then finished and the rate of internal leak from the component or circuit under test can be read from the display installed on the control panel (3) . The second valve is provided to connect the drainage side of the component (circuit) with the SP system. When the Application of the foregoing device shall enable the maintenance personnel to save more than a dozen of working fluid during a single test of leak rates as compared to the conventional (direct) method. In addition, the device eliminates direct contact of the personnel involved in tests with hydraulic fluid and its fumes.
Troubleshooting investigations
Research and development studies carried out by ITWL on SU-22 aircrafts included troubleshooting of the Avionic Hydraulic System according to the algorithm from Fig.1 . In addition, checks were performed according to the methodical procedures [16÷18]. The pictures below stand for the cases when thresholds for the diagnostic parameters were exceeded during various phases of troubleshooting operations. Fig. 3 shows test results when the undercarriage unit was supplied from the Avionic Power Pack and variations of the pressure in the hydraulic system of the unit were recorded during its operation. In addition, a test of internal leaks was carried out for the undercarriage unit with the use of the direct method. Verification of results from tests of internal leaks has revealed that the parameters fail to match the value stipulated by the Technical Manual. However, results obtained from data recording are insufficient to establish detects of the entire system or its components. The parameters that have been subjected to verification against their compliance to the Technical Manual (WT) are still within the permissible limits. The experience has demonstrated that slightly higher rates of internal leaks from some components and subassemblies (not in line with the Technical Manual) present no hazard to functional deterioration of subassemblies or the entire Avionic Hydraulic System . For the case in question, when investigations referred to the system for undercarriage control (Fig. 3a) , the rate of internal leaks from the GA-142/1 solenoid valves was 8.0 cm 3 /3 min with de-energized solenoids, where the Technical Manual threshold is qv ≤ 2.5 cm 3 /3min. Slight increase of internal flow rates from that component with satisfying general balance of leaks from the hydraulic system has no impact on the functionality of the entire system. Moreover, leak rates with energized solenoids (when the undercarriage is in operation) are within permissible limits. Fig. 3b illustrates the next example when the parameter of internal leak rate for a specific component slightly exceeds the permissible threshold. The value of internal leak rate in the GA-142/1 solenoid valve controlling the moving part of the wing is 10.5 cm 3 /3 min with de-energized solenoids (qv ≤ 2.5 cm 3 /3 min according to the Technical Manual). This case is analogical to the one with the undercarriage system. Fig. 4 shows averaged results for measurements of internal leak rates associated with specific position (extreme displacement and no displacement /central) of hydraulic amplifiers installed on board of the aircraft with the number of 37817.
Fig. 3 Characteristic curves (waveforms) for pressure variations in the first hydraulic system during operation of the circuits for: a) undercarriage; b) a moving part of the wing [10]
Rates of internal leaks q v [cm 3 /3min]
Fig. 4 Averaged values (for three positions of the hydraulic cylinder piston rod) of internal leak rates for hydraulic amplifiers installed on board of the SU-22 aircraft with the side number 37817 [10]
The investigations were carried out with the use of a prototype device shown in Fig. 2 The results refer to the group of amplifiers that are supplied from the first hydraulic system. The plotted graphs reveal that the maximum permissible limit for internal leaks was slightly exceeded in the case of the hydraulic amplifier in the control system for the plate tail plane of the elevator. It was the case when exceeding of the threshold for internal leaks from one component of the system affects the overall value of the diagnostic parameter which serves as a criterion for assessment of the entire system soundness (Fig. 5) . Such a deficiency disturbs functional properties of the entire hydraulic system. For the aircraft with the side number 37817, even slight exceeding of the permissible rate for internal leaks in one chamber of a hydraulic amplifier entailed non-conformity of the diagnostic parameter for the Avionic Hydraulic System, since duration of the pressure drop from 18 to 15 MPa is not in line with the Technical Manual. [10] .
It was the reason for the decision to substitute the BU-250P amplifier, which resulted in improvement of the value for the diagnostic parameter of the Avionic Hydraulic System (Δt1 = 35.8 s - Fig. 5b ). Each hydraulic amplifier, even a new one, features with some permissible margin of leak that results from design clearance between components of a hydraulic precision pair (hydraulic coupling) of the distributing module [4÷9,11]. But alas, maintenance personnel is incapable of finding out whether leaks are limited merely to the distributing module, whilst leaks between the left and right chambers (rod-end and piston-end areas) via piston sealing are impermissible (Fig. 6) . Deficiencies of piston sealings shall lead to leaks of hydraulic fluid outwards the amplifier subassembly, which can be detected by visual inspection. [12, 13, 14] . Fig. 7 shows results from examination of decelerons in SU-22 aircrafts. Non-compliance of obtained results with the requirements of the Technical Manual consisted in exceeding of the time limit allowed for deactivation of decelerons. That non-compliance was the first symptom that the braking system was defective. Subsequent troubleshooting carried out in line with the algorithm from Fig.1 confirmed the failure which consisted in excessive rate of internal leak in the left bottom cylinder of the deceleron (Fig. 4.6 ). Characteristic curves for variations of pressure during deactivation of decelerons plotted for aircrafts with efficient and defective braking system clearly demonstrate that pressure drop curves are substantially different for efficient and defective systems starting from the moment when the GA-184U valve is switched over. For the aircraft with the 37713 side number (the defective one), the pressure drop was definitely more rapid and duration of the movement was unquestionably longer and not in line with the requirements of the Technical Manual (≤ 6s) -it was 7.3 s instead. The analysis of that characteristic curve makes it possible to conclude, even without any measurements, that sealing of the cylinder piston is defective. It is also possible to detect that leaks are much more intense in one direction -here from the piston-end chamber to the rod-end chamber. 8 -cylinder body, 9 -cover, 10 -piston sealing, 11 -ball latch [13, 14] . Visual inspection makes it possible to check whether each sealed matching surface is tight (in contrast to the BU amplifier) -here drainage holes are available. The crucial component that is subject to the most intense wear is the piston sealing (10) in the cylinder. The sealing is made up of an o-ring with additional sandwich-type packing rings made of elastic material (teflon) and applied at both sides [4÷6]. These packing rings protect the rubber o-ring from excessive compression and sinking in the seating groove. Fig. 9 shows results from investigation of both the first and second hydraulic system supplied from on-board pumps (the test with running engine of the aircraft). hydraulic systems with supply from on-board pumps [10] .
The recorded waveforms made it possible to conclude that the pressure built-up by pumps (p1(2) = 19,7 MPa) was not compliant with the requirements of the Technical Manual (p 1(2)  20 MPa). According to the Technical Manual, the pressure (p 1(2)  20 MPa) refers to operation of pumps when no demand for hydraulic power is requested by actuators of the Avionic Hydraulic System. Next and final functional checks of the hydraulic system and its parameters (duration of movements, duration of pressure drops) are carried out when the aircraft engine is already running, just before the technical test flight. In addition, operation of the emergency pump (NS-3) is also verified. 
Recapitulation and conclusions
The study deals with issues related to troubleshooting of avionic hydraulic systems and their components on the basis of results from tests and experiments carried out on the SU-22 aircrafts being operated by Polish Air Forces. The experience from troubleshooting and fault detection made it possible to develop a comprehensive troubleshooting algorithm that can be applicable to various other aircrafts. That algorithm may prove useful for ad-hoc troubleshooting actions when a functional fault of a specific unit is detected and maintenance experts are expected to quickly fix the problem and undoubtedly find the core reason for the deficiency. In addition, the paper reveals an innovative design of a test device dedicated to examine internal leaks from components of avionic hydraulic systems. Use of the device according to the presented concept makes it possible to minimize looses of hydraulic working fluid as compared to the conventional (direct) method of tests with the use of measuring cylinders. Furthermore, the test device is beneficial to reducing exposure of maintenance staff to direct impact of hydraulic fluids onto human body, which always has an irritating effect [15] . Widespread use of the device shall improve the technical culture of dealing with examination of internal leaks from hydraulic components and subassemblies. In no way the examination of the hydraulic systems with supply from the Avionic Power Pack and from on-board pumps (test with the engine running) is just a duplication of diagnostics. Such actions are in fact justified in terms of technical benefits and cost-efficiency of aircraft operation. Carrying out all possible tests in a hangar of a maintenance workshop or a technical squadron makes it possible to disclose deficiencies and to remedy them as early as during the troubleshooting actions. However, tests of aircrafts with running engines are expensive and should be allowed only in particularly justified cases. The final part of the paper provides detailed report on some specific defects of parts, units, subassemblies, circuits and systems of the SU-22 aircraft together with the description of how these faults were fixed and remedied.
